Objectives: Adults with bipolar disorder (BD) display aberrant activation in frontolimbic neural circuitry during cognitive control. However, fronto-limbic response to cognitive control, and factors destabilizing this circuitry, remain under-studied during the transition from adolescence to young adulthood in BD. Sleep patterns are disturbed in BD, undergo change in adolescence, and support brain function. Among transitional age youth, BD diagnosis and sleep (duration and variability) were tested as predictors of fronto-limbic response to a stressful cognitive control task. 
| INTRODUCTION
Aberrant activations within fronto-limbic neural circuitry during emotional and non-emotional tasks of cognitive control are proposed to partially underlie the emotion regulation deficits central to bipolar disorder (BD). [1] [2] [3] [4] [5] Although a recent meta-analysis identified important developmental differences in blood oxygen-level dependent (BOLD) response to both emotional and non-emotional functional magnetic resonance imaging (fMRI) tasks among pediatric versus adult BD samples, 2 few fMRI studies of cognitive control have been conducted during the transition from adolescence to young adulthood in BD. Furthermore, it is unclear which modifiable factors may contribute to inter-individual variability in neural circuits supporting cognitive control in BD. Such factors are particularly critical to understand for adolescents with BD, who are at risk for a more negative course of BD 6, 7 and are still undergoing development of prefrontal cortical regions supporting cognitive control capacities. 8 The present study investigated how brain function in transitional age youth with and without BD may differ during cognitive control under stressful conditions, and whether sleep duration and stability may contribute to inter-individual differences in brain function.
Fronto-limbic regions implicated in cognitive control in BD include ventral and dorsal aspects of the anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC), and amygdala. 1 The ACC is a key region in the processing of cognitively demanding information; it has been associated with response selection, conflict monitoring, inhibition, and attention. 9, 10 Lateral prefrontal cortex (PFC) regions (eg VLPFC and DLPFC) share connections with the ACC, and are implicated in regulatory control. 11 Amygdala hyper-activation during cognitive processing has been proposed to reflect heightened perception of emotional salience in non-emotional contexts in BD. 1 Neuroimaging studies using Stroop-like tasks in adult patients with BD report functional abnormalities predominantly in ventral portions of the lateral PFC and ACC, as well as the amygdala [11] [12] [13] [14] [15] [16] [17] [18] ; this ventral PFC-limbic dysfunction present in adults with BD appears to be independent of mood state. 19 The few studies of cognitive control in pediatric BD have observed similar activation patterns, 14, 17 which also align with meta-analytic findings in BD across emotional and non-emotional tasks. 2 It was found that, relative to healthy youth, those with BD exhibited amygdala hyper-activation during emotional tasks and ventral ACC hypo-activation during emotional and non-emotional tasks.
2
A separate line of work suggests that sleep disturbances are a core feature of BD. 20 Manic episodes are marked by a reduced need for sleep and depressive episodes are characterized by insomnia and/or hypersomnia. 21 Even between mood episodes, significant sleep disturbance persists in up to 70% of BD patients 22 and contributes to functional impairment. 23 Recent meta-analytic findings indicate that elevated day-to-day variability in sleep patterns are characteristic of BD. 22 Moreover, over and above the effects of average sleep duration, variability in sleep duration has been linked to mood disturbance, impaired functioning, and poorer medication adherence in BD. 24, 25 It has been proposed that sleep disturbances may be an important source of inter-individual variability in brain function in BD, 26, 27 thus contributing to heterogeneity in the BD neuroimaging literature. A total of 64 adolescents/young adults were included in the larger study (BD: n = 35; CTL: n = 29). Participants eligible for neuroimaging were selected for the fMRI assessment; 42 participants completed the neuroimaging task for the present study (BD: n = 16; CTL: n = 26).
| MATERIALS AND METHODS

| Participants
One BD participant was excluded due to missing actigraphy data, and one control for excessive movement [>30% of repetition time slices (TRs) with either incremental movement >5 mm or rotation >1 mm].
| Assessment procedures
Present and lifetime DSM-IV psychiatric and sleep disorders were ascertained by trained clinicians. Psychiatric disorders were as- ) assessed past-month sleep quality. Medication names and dosages were also recorded.
| Prospective sleep monitoring
Participants completed daily sleep monitoring with actigraphy for 
| Neuroimaging
| Multi-source interference fMRI task (MSIT)
The MSIT is an approximately 9-minute block-design fMRI task that reliably engages cognitive control neural circuitry. 33, 39 The version used herein involves processing conflictual information (like the Stroop task), receiving negative feedback, and making time-pressured responses to uncontrollable stimuli that elicit subjective distress. 33 Participants are presented with a set of three numbers (0, 1, 2, or 3), and are instructed to report via button-press the location of the number that is different.
In congruent trials, the target number (1, 2, or 3) matches its position on the button press (eg '1' always appears in the first [leftmost] position); these trials are always 100, 020, or 003. In incongruent trials, the target (1, 2, or 3) never matches its position on the button press, and the distractors are potential targets (eg 233; correct answer is press the second button). Accuracy feedback is given on each trial (white √s and red Xs, or red "Too Slow"). Four blocks of incongruent trials alternated with blocks of congruent trials; each presented for 60 seconds with 10-second interleaved fixation cross-hairs. The incongruent condition was performance-titrated, such that task accuracy was maintained at around 60% on average within and between participants by speeding up inter-trial intervals. The number of trials in the subsequent congruent condition block was yoked to the number completed in the preceding incongruent block, and the inter-trial interval set to the average from the preceding incongruent block. Thus, task engagement and motor performance for both conditions were controlled across blocks and across participants. Analyses focused on a contrast of incongruent vs. congruent blocks (incongruent-congruent).
| Data acquisition and preprocessing
MRI data were collected using a 3.0T Siemens scanner (Malvern, PA, USA). Visual stimuli were presented by projecting images onto a rear projection screen at the participant's chest and viewed through a mirror attached to the head coil. Stimulus presentation and response registration were controlled by a Windows-based computer running E-prime (Psychology Software Tools, Pittsburgh, PA, USA).
Thirty-nine axial slices (3.2 mm isotropic voxels) per trial were ac- at the same locations as the functional imaging scans, using a standard T1-weighted pulse sequence. 
| Procedures
At the initial clinical assessment appointment, assent/consent was obtained. Diagnostic clinical interviews were then completed with participants and a parent (parent interviews were required for participants <18 years, and were optional for participants ≥18 years). completed fMRI task training and a mock scan in an fMRI simulator, followed by an fMRI scan which always took place in the late afternoon.
| Preliminary analyses
The BD and CTL groups were compared on demographic, clinical, and sleep variables, as well as MSIT accuracy and performance.
Performance accuracy on the MSIT was computed as the percentage of trials correctly completed for each of the incongruent and congruent trials. Average reaction time (RT) across correct incongruent and congruent trials was also computed. For these analyses, t-tests, chisquare tests, or Fisher's exact test were used, as appropriate.
| Main fMRI analyses
At the first level analysis, individual whole-brain statistical maps were computed to evaluate the MSIT incongruent-congruent contrast. TRs with extreme motion were censored if absolute motion exceeded 5 mm and/or incremental motion exceeded 1 mm, and motion parameters were included as covariates of no interest. All participants had <20% of TRs censored except for the aforementioned excluded CTL participant.
Second level random-effects analyses were conducted using four fronto-limbic regions of interest (ROIs) involved in cognitive control in emotional, non-emotional, and stressful contexts. 1, 40, 41 An ROIbased approach was used because we had strong region-based hypotheses for group-and sleep-related effects based on prior BD and sleep neuroimaging studies. 27 The anterior cingulate cortex (ACC;
Brodmann areas 24 and 32), DLPFC (Brodmann areas 9 and 46), and VLPFC (Brodmann area 47) were included as key regions supporting attentional control 24 and attentional control of emotion. 42 The bilateral amygdalae (Automated Anatomic Labeling atlas) were included as a representative subcortical region involved in emotion processing.
1
These anatomical definitions were based on prior work. 40 Within each ROI, voxelwise independent sample tests of incongruent-congruent BOLD response were performed using AFNI's 3dttest++. The 3dttest++ examined independent sample effects of group status (BD vs CTL) as well as group*sleep interactions. Interaction effects captured group differences in the associations of sleep duration (average sleep duration) and its variability (intra-individual standard deviation of sleep duration) with BOLD response. ROI analyses used a Bonferronicorrected voxelwise threshold of P < .0125 (P = .05/4) with a clusterlevel correction threshold of P < .05 to correct for family-wise error.
The 3dttest++ clustsim option applies a permutation approach from which cluster size thresholds are determined.
43
Mean parameter estimates were extracted from clusters displaying a significant effect of group or group*sleep interactions on brain activation in AFNI. These parameter estimates were imported into SPSS for post hoc simple slope analyses of significant group*sleep interaction effects. Simple slopes were computed using the SPSS PROCESS macro. 44 
| Exploratory analyses
Using the extracted fMRI data previously described, exploratory analyses included: (1) regressions paralleling the main analyses adjusted for age, sex, depressive symptoms (MFQ) and manic symptoms (CMRS); (2) correlations with medication strength in the BD group, using an approach developed for neuroimaging research 45 (see Supporting Information Methods S1); and (3) correlation analyses with performance on the MSIT in both groups. Because accuracy was held consistent between incongruent MSIT blocks and congruent trial response intervals were set to the average RT for the preceding incongruent block, RT to incongruent trials was used to index behavioral performance. Statistical significance was set at P < .05.
Finally, exploratory whole-brain analyses examined the extent to which activation in response to incongruent-congruent trials in the whole brain was similar to activation patterns in our a priori ROIs (voxelwise threshold of P < .005; cluster-level threshold of k = 20
46
). As in the main analyses, 3dttest++ tested the effects of group (BD vs CTL) and within-group effects of sleep duration average and variability on BOLD activity.
| RESULTS
| Demographic, clinical, and sleep data
The two groups did not significantly differ on sociodemographic features (Table 1) . BD subjects had greater depressive symptoms (MFQ) and manic symptoms (CMRS) than CTL subjects (all P-values <.05).
The two groups did not significantly differ on sleep quality (PSQI) and sleep duration variability, but sleep duration was longer in BD than in CTL subjects (P < .05). Table 2 describes MSIT behavioral results. Across all participants, mean accuracy was ~56% for the incongruent condition and ~91% for the congruent condition. As expected, incongruent condition accuracy was significantly lower than congruent condition accuracy (t 29 = 30.2, P < .001), and groups did not differ in accuracy (all P > 0.1).
| MSIT behavioral data
BD subjects had a smaller number of trials and slower correct trial RT for both trial types (P < .005) than CTL subjects, reflecting poorer task performance. Table 3 summarizes fMRI findings. There was a significant group effect on right amygdala activation (k = 10; peak voxel MNI xyz = 37, 1, −23; P < .05) ( Figure 1A ,B). Group differences were not observed in the other ROIs. A significant group*average sleep duration interaction was observed for rostroventral ACC activation (rvACC; k = 110; peak voxel MNI xyz = 2, 54, 0; P < .01) (Figure 2A,B) . In post hoc simple linear slope analyses, average sleep duration was positively related to rvACC activity in CTL subjects (b = 0.003, P = .002), but not 
| Main fMRI analyses
| Exploratory analyses: adjusting for covariates
Adjusting for additional covariates did not substantially alter the main 
| Exploratory correlations: medication
In BD, medication strength composite score was not significantly related (all P > 0.1) to either sleep duration parameter (average and variability) or the extracted fMRI parameter estimates (amygdala, dACC or rvACC).
| Exploratory correlations: MSIT performance
Across all participants, dACC activity correlated with RT for correct incongruent trials (r = −.38, P = .014) but rvACC activity was not (r = −.28, P = .080).
| Exploratory whole-brain analyses
Exploratory whole-brain analyses revealed some patterns of activity similar to those reported in the ROI analyses, such as a group*average sleep duration interaction in the rvACC, as well as additional findings (Table S1 ; Figure S1 ).
| DISCUSSION
To our knowledge, this study provides the first report of brain acti- the present study incorporates a novel application of a stressful cog- 
